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Introduction 


A research program consisting of basic experimental studies of the fluid mechanics of 
an accelerating airfoil undergoing a stepwise variation in the angle of attack was initiated 
in July 1986 under grant no. AFOSR-86-0243. This technical report is being written to 
describe the work carried out during the period, July 1986 - December 1987 of the grant. 

The present study has the following main objectives to the general problem of the 
unsteady vortical flows generated by high angle of attack airfoils. 

1. Investigate experimentally the unsteady flow structure generated by a NACA airfoil 
at different angles of attack started impulsively form rest. 

2. Investigate experimentally the transient flow characteristics of an NACA airfoil un¬ 
dergoing a stepwise varied angle of attack. 

3. Investigate the unsteady flow structure of an accelerating NACA 0012 airfoil at dif¬ 
ferent fixed angles of attack. 

4. Investigate the transient flow characteristics of an accelerating airfoil undergoing a 
stepwise incidence variation. 

As originally envisaged in all these studies, attention was directed to the basic under¬ 
standing of the unsteady flow phenomena. During these investigations, a paralleled effort 
was devoted in consultation with AFOSR, to study some of the experimentally observed 
features using numerical solutions. A unique experimental technique, developed in our lab¬ 
oratory, is successfully implemented to study, in detail, the unsteady large scale vortical 
motions that occur in these flows. 

In the following, the status of the research effort is given along with some of the most 
important conclusions arrived in this study to date. 





Status of the Research Effort 

In the following, major conclusions on the various facets of the research program are 
given. 

A systematic investigation has been carried out on the structure of an unsteady flow 
field generated by an impulsively started NACA 0012 airfoil,, of finite aspect ratio, at 
different angles of attack (0 < a < 45°), and at a fixed Reynolds number of 1400. 

A novel experimental technique known as “Particle Image Displacement Velocimetry” 
was used to measure the instantaneous two dimensional velocity field. The velocity field 
was measured with sufficient accuracy and spatial resolution that the vorticity field and 
the pressure field can be computed very accurately, a unique capability of this technique. 
The detailed description of this technique is given in Appendix I. 

A parallel computational study was conducted to augment the above mentioned ex¬ 
perimental studies. This effort was supported by the Mechanical Engineering Department. 
In this study, the performance of the discrete vortex, random walk approximation to the 
Navier-Stokes equations was examined for the case of large scale separation flow about an 
impulsively started NACA 0012 airfoil at different angles of attack. The primary objective 
was to include sufficient vortices to resolve the shortest meaningful length scales of the 
flow at a given computational time step. The new fast velocity summation algorithm* 
enables the flow to be computed with much more resolution than previously possible in 
vortex methods. 

The main features of the unsteady large scale separated flow about an impulsively 
started airfoil are as follows: 

The multiple exposed photographs of the flow field about the airfoil at 10° or less 
incidence showed that the flow is well behaved and attached to the airfoil over the entire 
period of observation. However, at large angles of attack a > 20°, the flow separates on 
the upper surface of the airfoil and generates large scale vortices. The following scenario 
develops in time on the upper surface of the airfoil. At the start of the airfoil, a vortex, at 
the trailing edge, commonly designated as “starting vortex” is generated and carried away 
from the airfoil. Concomitant with this is the generation of a separation bubble at the 
leading edge of the airfoil. At a later time, the separation bubble grows into an isolated 

* van Dommelen, Leon, and Rundenstcincr* Elke A., “Fast, Adaptive Summation of 
Point Forces in the Two-Dimensional Poisson Equation.” Submitted to the Journal of 
Computational Phytics. 






primary vortex with secondary vortices following behind it. This multiple vortex structure 
continues to grow together and move along the upper surface until it reaches the trailing 
edge. At this point, the primary vortex induces a vortex at the trailing edge. Finally, the 
primary vortex and the induced trailing edge vortex interact and generate a complex flow 
field. However, for finite aspect ratio airfoils or wings, a different type of flow field seems 
to emerge at later stages of development. The various events described above occur at 
different times, depending upon the angle of attack and Reynolds number. 

Typical PIDV measurements of the instantaneous velocity field, at different times, for 
an airfoil a = 30° are shown in figure 1. The aspect ratio of the wing was about 3. The 
airfoil travels from right to left. The data is presented in a body fixed reference frame. 
The length of the velocity vector corresponds to its magnitude. The dimensionless time t* 
is defined as where U is the free stream velocity and C is the airfoil chord. The starting 
vortex (at the far right of the picture) and the initial separation bubble at the leading edge 
can be seen clearly in the picture corresponding to t* = 0.68. The primary vortex with 
secondary vortices following behind it can be seen in the figure at t* = 2.02. The trailing 
edge vortex can be seen in the figure at t * = 3.02. At t* > 3, the primary vortex abruptly 
moves away from the upper surface leaving behind a “vortex sheet-” like structure. Such a 
behavior is attributed to the inference of tip vortices which axe generated due to the finite 
aspect ratio of the airfoil. At later times, for example at t* = 4.85, the tip vortices interact 
with the separated flow on the upper surface and generate a complicated three-dimensional 
flow field. The nature of this interaction and the parameters that govern such a flow field 
is not known yet. 

Typical two-dimensional computational results from random-walk vortex simulations 
of the full Navier-Stokes equations are shown in figure 2. The angle of attack and the 
Reynolds number are the same as those in the experiment; the results of which axe shown 
in figure 1. The streamline pattern, along with vorticity, which is represented in bit-mapped 
graphics as half tones axe shown in the figure. Except for the effect of the finite aspect 
ratio of the airfoil,, the stream line pattern looks very much similar to those observed in 
figure 1. To further evaluate these results, the locus of the primary vortex as its develops 
in time is shown in figure 3. The computational results agree well with the experiment 
for t* < 2. Beyond t* = 2, it is expected that the experimental flow field was influenced 
by the tip vortices making it to be highly three-dimensional. The coefficients of lift and 
drag as obtained from the computations are shown in figure 4. As expected, the coefficient 
of lift increases with <* up to a point where the primary vortex is attached to the upper 
surface. For later times, where the primary vortex leaves the upper surface, the coefficient 










of lift drops significantly. 

Results similar to these described above were obtained at a = 10°, 20° and 45°. The 
details of this work will be given in a paper to be submitted to the AIAA Journal. 






































Figure 2. Two-dimensional computational results of the flow field 
about an NACA 0012 airfoil. Re = 1400. 















Figure 4. The variation of the computed lift and drag with time. 

C, and C , are nondimensional lift and drag coefficients. 
Re - 1400 .angle of attack = 30 degrees. 
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PLANE 

1. Schematic arrangement for the photographic recording. 



2. Schematic arrangement for obtaining Young's fringes. 















































































